to be made and suggests that the trans-mitochondrial membrane protonmotive force in the intact cell cannot be greater than -143 mV.
culated upper and lower limits of the pH gradient (A pH = pHe -pH;) of -0.14 and -0.21 pH unit, respectively. The microelectrode measurements showed that the intracellular pH is within 0.1 of a pH unit or less of the extracellular pH over the extracellular pH range of 7.35-6.85. The mitochondrial volume percent calculated on the basis of the measured cytochrome c content is 5.6 ± 1.2% and compares well with estimates of 5.4 + 1.1% obtained from 25 electron micrographs. Measurements of the cellular energetic parameters gave values within the range found in other cells and perfused organs. Comparison of the results of the microelectrode and equilibrium measurements permits estimates of the electrical potential and pH gradients across the mitochondrial membrane (mitochondria-to-cytoplasm gradients) to be made and suggests that the trans-mitochondrial membrane protonmotive force in the intact cell cannot be greater than -143 mV.
Assessment of the electrical potential and ion gradients across subcellular compartments in the intact cell is an important goal that has not been pursued directly; isolation of subcellular compartments and subsequent in vitro studies have been the predominant approach, although possible redistribution of ionic species during isolation raises doubts with respect to the validity of this procedure. In this communication, we present a quantitative approach to the evaluation of the transmembrane electrical potential and pH gradients across a subcellular compartment in an intact cell. The requisite information for such evaluations includes: (i) relative volumes of the subcellular compartment and the cell; (ii) a known (measured) value of trans-plasma membrane electrical potential and pH gradient; and (iii) measured total concentrations of ions and weak acids/bases that distribute passively in the cell and in the compartment. These distributions give estimates of the cytosol-to-extracellular space gradient plus the compartment-tocytosol gradients.
We have used this approach to evaluate the total trans-mitochondrial protonmotive force (the electrical plus pH gradients across the mitochondrial membrane) in mouse neuroblastoma
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 10 mM Hepes (pH 7.4) and 0.05% bovine serum albumin and finally resuspended in the same medium at 25-30 mg wet weight/ml. These suspensions were passed through a wire mesh (20-to 40 -,m pore size diameter) in order to produce suspension homogeneity. Suspensions treated in this manner showed no clumps (no more than three cells grouped together) under a microscope. The dry weights of the cell suspension and the medium were determined for each preparation.
For microelectrode measurements, cells were grown in Nunclon plastic petri dishes for 2-3 days as described above. Measurements of membrane potential were made while most of the cells were still in the exponential growth phase.
Microelectrode Measurements. The medium in the petri dish was poured off and replaced by Hanks' medium containing 10 mM Hepes (pH 7.4) and 0.05% bovine serum albumin. The dish was placed on an inverted high-power microscope with a warmed stage (20-25°C). The electrode assembly was advanced by a remote stepping-motor hydraulic system. The microscope and the electrode carrier were contained within an electrically shielded cage and a humidified chamber. Lighting was via a fiber optic, heat-filtered high intensity source (Leitz, West Germany). After the lid of the petri dish was removed, the electrode was inserted under direct vision into randomly selected cells adhering to the floor of the dish. Only those Abbreviation: TPMP, triphenylmethyl phosphonium ion.
penetrations that gave measurements that remained stable over more than 2 min were recorded.
Single-barreled glass micropipettes were pulled from (4) and pH electrodes were made and used according to Thomas (5) . Some electrodes were ground to a chisel point on an optically flat grinding machine to allow easier penetration of the cell membrane.
Isotope Distribution Measurements. Membrane potentials have been evaluated by measuring the distribution of radioactively labeled permeant lipophilic ions. This approach was first introduced by Skulachev and coworkers (6) (7) (8) and has been applied to a variety of biological systems (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . These experiments were carried out at room temperature as described (19, 20 Measurements of Energy Parameters. The redox state of cytochrome was measured in a dual-wavelength spectrophotometer with the wavelength pair 550-540 nm (21) . Calculations. The transmembrane electrical potential, determined by distributions of both positively and negatively charged lipophilic ions that are permeable to the membrane, was calculated from the Nernst equation [2] for a weak acid and according to Eq. 3,
for a weak base. T; and Te are the total concentrations of acid or base inside the cell and in the suspending medium, respectively.
Tritiated water and ['4C]polyethylene glycol were added to the incubation medium and after centrifugation of the cells through silicone oil, the total water volume of the pellet was determined from the content of 3H while the extracellular water in the pellet was determined from the content of 14C. These measurements were carried out simultaneously with every TPMP and SCN determination under conditions of both high and low [K+]e and with every determination of weak acid and weak base distributions.
Two approaches have been used in order to estimate the mitochondrial water space. Cytochrome c was measured with a dual-wavelength spectrophotometer (21) while increased binding of the lipophilic anion (SCN) results in a more positive calculated potential. When both lipophilic anions and cations are used, the total amounts of probe (free plus bound) associated with the cells establish the lower and upper limits, respectively, of the transmembrane potential. Thus, the true trans-plasma membrane potential of neuroblastoma, suspended in 6 mM K+ medium, would be expected to lie somewhere between a lower limit of -29.6 mV (SCN) and an upper limit of -77.0 mV (TPMP); the microelectrode value of -60.8 mV is within these limits. In order to determine the amount of TPMP and SCN in the cell that is due to binding or compartmentation or both, equilibrium distributions of TPMP and SCN were measured in cell suspensions of isotonic Hanks'/Hepes medium containing 100 mM K+, conditions that depolarize the plasma membrane. Membrane depolarization should result in a decreased uptake of positively charged ion and an increased accumulation of negatively charged ion; the results at high extracellular potassium fulfill this prediction. The SCN accumulation increased to give a calculated apparent membrane potential of -3.9 ± 2.7 mV and the TPMP accumulation decreased to give a calculated apparent membrane potential of -59.9 + 0.9 mV.
At 100 mM extracellular potassium concentration, the calculated potassium diffusion potential (from the intracellular [K+] values measured at low [K+], Table 2 ) is -6 to -10 mV, in reasonably good agreement with the SCN determination of -3.9 mV. When [K+]i = [K+]e, the transmembrane electrical potential is zero in those cell systems possessing a K-diffusion resting potential; moreover, Lichtshtein et al. (29) found, in a neuroblastoma-glioma hybrid, a trans-plasma membrane po- range of single cells, unicellular organisms, and perfused organs (22) suggests that the internal environment of neuroblastoma in suspensions remains intact.
Since the cellular internal milieu of cells in suspension has been maintained unaltered, valid comparison of the measurement of pH and electrical potential gradients by microelectrode and chemical methods can be made. The predicted apparent membrane potential for total cellular accumulation of TPMP of -60.8 mV, as measured by microelectrodes, correlates reasonably well with -77.0 mV obtained from measurements of the TPMP distribution, making no assumptions of binding and compartmentation, and extremely well with -63.1 mV, the value obtained after correcting for TPMP uptake in the presence of high external K+, assuming voltage-independent binding of TPMP.
The error in our measurements is less than 2% and, therefore, differences of a couple of millivolts are readily discernible. Lichtshtein et al. (29) have recently provided us with a preprint of a manuscript in which they have studied the accumulation of tetraphenyl phosphonium and SCN ions in mouse neuroblastoma-rat glioma hybrids (clone NG 108-15). These authors also find that the membrane potentials calculated from the distributiou of these ions agree with the dc potential electrode measurements.
Potassium diffusion potentials have been calculated from the measured intra-and extracellular potassium concentrations (Table 2 ) and correlate with the dc potentials for each size of cell. This correlation is consistent with the resting membrane potential being a potassium Nernst potential, as in most excitable cells, and provides additional testimony to the functional integrity of these neuroblastoma cells.
The microelectrode technique has the disadvantage of affording slow kinetic data (min-hr) with great difficulty and uncertainty, whereas the chemical approach provides a tool for noninvasive, continuous monitoring of the same bulk cell population through a variety of biological changes and modifications of culture conditions. The implications and importance of this approach have been recognized by others, most notably by Kaback and coworkers (10, 13, 17, 29) , who have been developing and validating this approach while extending its applicability.
Transmembrane Electrical Potential and pH Gradients in a Two-Compartment System. In a two-compartment system comprised of an intact cell of volume VT and a subcellular compartment of volume V2, the total amount of a cation, C+, that passively equilibrates within the cell will be equal to the amount in V2 (C2r) plus the amount (Ct) in the remaining cell volume VI, where VI = VT -V2. The ratio of the total intracellular cation concentration to extracellular concentration ([C+]e) is expressed in logarithmic form in Eq. 4, and an apparent Nernst potential for cation, E, may be evaluated: [4] VT[C+I~e Eq. 4 may be rearranged as shown in Eq. 5, E = -58 log -C+]l-58 log ±4[VC+12 VA, [5] Vle~V T [6] whereas for a weak base indicator, the relationship corresponds to the arithmetic mean (30) the literature. In our considerations, assessment of the relative mitochondrial volume is absolutely crucial, and we have presented in this paper two methods of determining this parameter. The first of those is the morphometric analysis of electron micrographs, which can be done for each cell line (or tissue) under investigation. The second relies on spectrophotometric determinations of cytochrome c content in intact cells and in isolated mitochondria, which may be easily undertaken with the currently available spectrophotometric and cell fractionation techniques. The close agreement between the results of the two independent methods and the high precision (5.6 ± 1.2, 5.4 + 1.1) obtained ensure the accuracy in measurement of mitochondrial volume.
Application to Mitochondria in Intact Cells. The problem of intracellular compartmentation has been discussed (20) with respect to its contribution to the chemically determined values of transmembrane (plasma) gradients based on the assumption of a single compartment. Although the nuclear volume in the neuroblastoma appears to be quite large (at least 50% of the total cell volume), current evidence supports the conclusion that the transmembrane (nucleus-to-cytoplasm) electrical potential, if present, is small (31-33) and is not reflected in the ion gradients (34) . Furthermore, the data of Feldherr (35, 36) imply that the pore sizes of the nuclear membrane are quite large (>100 A), indicating that a significant electrical resistance is unlikely. Mitochondria, however, are proposed to have large transmembrane gradients and, therefore, we have evaluated their contribution to the chemically determined values of transmembrane gradients. Such an evaluation is possible because the lipophilic cation TPMP, which gives an upper limit of membrane potential, equilibrates quite rapidly across the mitochondrial membrane with no detectable damaging effects (18, f) . Measurements of lipophilic ion distributions should therefore reflect total ion accumulation, that in mitochondria as well as that in the cytosol, whereas the microelectrodes measure only trans-plasma membrane phenomena. Thus the problem may be reasonably approximated as a two-compartment problem and the requisite information for its solution can be obtained.
Of the two charged species used in this work, SCN is excluded from the cell (and from the mitochondria) and is not considered in the evaluation of the maximum trans-mitochondrial gradient because it can only give a lower limit of the measured value.
The actual measured value for the membrane potential of -77.0 mV from TPMP distribution at low extracellular [K+] may be due to trans-plasma membrane equilibrium distribution, binding, and trans-subcellular compartment(s) equilibrium distribution. In order to establish the maximum upper limit for trans-mitochondrial gradient that could possibly exist, consistent with the experimental data, we assumed that the binding of the probe was zero and that all of the TPMP taken up (-77.0 mV) was due solely to cytoplasmic and mitochondrial accumulation according to the respective electrochemical gradients.
The mitochondria constitute approximately 5% of the cellular volume in mouse neuroblastoma C-1300 clone NB41A3; therefore, the membrane potential calculated from the measured TPMP equilibrium distribution (E) will be determined by Eq. 4 [TPMP] e is the concentration of TPMP in the extracellular medium. The first term of the right side of the equation is equal to the microelectrode measurement (i.e., the trans-plasma membrane potential), and the second term contains the mitochondria-to-cytoplasm cation concentration ratio. Using -77 mV (the maximum possible membrane potential calculated from the measured TPMP distribution) for E and -60.8 mV (the microelectrode result) for the first term in Eq. 5, a value of 19.0 is obtained for the concentration ratio of TPMP across the mitochondrial membrane, i.e., a maximum trans-mitochondrial electrical potential of -74 mV.
A similar evaluation of the maximum possible contribution of a trans-mitochondrial pH gradient to the total protonmotive force has been undertaken by using Eqs. 6 A pHmit) in the intact cell is less than -143 mV. The chemosmotic hypothesis (37) postulates that 2H+ are transferred across the mitochondrial membrane for each ATP synthesized, which requires a total proton electrochemical gradient of at least -265 mV under the measured cellular conditions for the neuroblastoma (i.e., AG = 12.24 kcal/ATP, Table 1 ), far more than the -143 mV calculated from our measurements. The value of -143 mV is a maximum possible value, without regard for binding of any of the probes. Binding considerations will decrease the values of trans-mitochondrial membrane potential and pH gradients. This is particularly relevant for the pH gradient measurements since a gradient of 1 pH unit across the mitochondrial membrane is a very high value uinder cellular conditions (38) and is likely to be an overestimate. The value of -143 mV is calculated by using a value of 5% for the mitochondrial volume; although this number is a small fraction of the total volume, an error of +20% in this value (i.e., +1 mitochondrial volume percent) gives rise to only a +4 mV error in the calculated trans-mitochondrial membrane electrical potential and to only a +0.08 pH unit error in the calculated trans-mitochondrial membrane pH gradient.
